I -INTRODUCTION
Hollow microspheres a r e a r e l a t i v e l y new m a t e r i a l . They a r e a v a i l a b l e i n the form o f glasses, e.g. b o r o s i l i c a t e glass o r v i t r e o u s s i l i c a , and a l s o i n c r y s t a ll i n e form e.g. alumina o r z i r c o n i a . The hollow g l a s s spheres can be bonded e i t h e r by s i n t e r i n g o r by u s i n g a bonding agent such as phosphate. I n t h e case o f glass spheres, compacts have been r e p o r t e d which were prepared by s i n t e r i n g ( I ) and, i n t h e case o f v i t r e o u s s i l i c a microspheres, t h e phosphate bonding process y i e l d s homogeneous, e a s i l y manageable ceramics (3). Some t h e o r e t i c a l work has been done on t h e p r e d i c t i o n o f t h e Young's modulus (2,3) and f r a c t u r e toughness (2) o f these composites. I n t h i s paper we present a f u r t h e r c h a r a c t e r i s a t i o n and some measurements o f t h e mechanical p r o p e r t i e s o f phosphate-bonded ceramics based on h o l l o w s i l i c a glass microspheres. Furthermore we present some examples o f machined and pressed p l a t e s o f complex shape.
11-EXPERIMENTAL
Hollow s i l i c a microspheres were chosen as raw m a t e r i a l (Emerson and Cuming Inc., eccospheres SI). The diameter d i s t r i b u t i o n was determined u s i n g a d i g i t a l planimeter. The ceramics were made by t h e phosphate bonding process as described (3). The c o n c e n t r a t i o n o f t h e mono-aluminium phosphate (MAP), the f i r i n g time and t h e f i r i n g temperature were varied. Densities, q, were measured on l a r g e f l a t specimens, o f which the o u t e r p a r t had been removed by machining, u s i n g weight and dimensional data. Mercury i n t r u s i o n porosimetry (MIP) was used t o study t h e pore s t r u c t u r e o f t h e composites ( C a r l o Erba macro-pore u n i t 120). The thermal conductiv i t y was measured u s i n g a thermal comparator (TC-1000, L a f a y e t t e Instruments Company). Young's modulus, E, was determined by d e f l e c t i o n measurements on 3-point bending specimens. The f r a c t u r e toughness, KI~, as w e l l a s strength, Sf, were Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1986153 determined i n a s i m i l a r way u s i n g g e n e r a l l y 3 specimens o f s i z e 3*9*45 mm3. A s m a l l notch o f r e l a t i v e depth 0.15 was sawn i n t h e K I , specimens w i t h a diamond saw. The notch was sharpened by c u t t i n g w i t h a r a s o r k n i f e . The compliance was calcul a t e d according t o t h e formula d e r i v e d by Brown and Srawley (4) . The f r a c t u r e surfaces were examined by scanning e l e c t r o n microscopy (SEMI.
-RESULTS
From t h e diameter a n a l y s i s i t was r e v e a l e d t h a t t h e average diameter o f the spheres was 49 ym w i t h a r a t h e r l a r g e standard d e v i a t i o n o f about 21 pm. This f i g u r e i s somewhat lower than t h e 80 ym (weight basis) i n d i c a t e d by t h e manufact u r e r . The s i z e d i s t r i b u t i o n appeared t o be bi-modal and r a t h e r wide, i n agreement w i t h t h e manufacturer's data. A t y p i c a l m i c r o s t r u c t u r e o f t h e formed ceramic i s shown i n f i g . l a . From t h e MIP measurements i t was c l e a r t h a t t h e average pore diameter and w i d t h o f t h e pore s i z e d i s t r i b u t i o n i n t h e various composites were r e l a t i v e l y constant a t about 10 ym and 1 pm r e s p e c t i v e l y and independent o f t h e orocessing c o n d i t i o n s . The r e s u l t s o f t h e mechanical measurements a r e c o l l e c t e d i n f i g . 2. I n f i g . 2a t h e i n f l u e n c e o f t h e f i r i n g temperature i s depicted. The i n f l u e n c e o f t h i s process i n g parameter on density, Young's modulus, s t r e n g t h and f r a c t u r e toughness i s o n l y s l i g h t . A more o r l e s s constant d e n s i t y o f about 0.18 g/cm3, a Young's modulus o f about 0.4 GPa and a f r a c t u r e s t r e n g t h o f about 0.8 MPa a r e found. On t h e o t h e r hand t h e f r a c t u r e toughness r i s e s from about 16 k~a . m l /~ a t t h e lower f i r i n g temperat u r e s t o about 35 k~a . m l / z a t t h e h i g h e s t temperature o f 700°C. This r i s e i n K I~ i s accompanied by a s l i g h t increase i n density. Time (hrs) a t 600°C F i g . 2a. Dependence on f i r i n g tempera- Fig. 2b . Dependence on MAP concentrat u r e a t constant t i m e (3 hours) t i o n i n w t L a t constant and MAP c o n c e n t r a t i o n ( 4 wt %I.
The i n f l u e n c e o f t h e MAP c o n c e n t r a t i o n i s given i n f i g . 2b. The values o f a l l mechanical p r o p e r t i e s increase w i t h t h e MAP c o n c e n t r a t i o n as does the density. This increase i s t h u s n o t unexpected. A t t h e h i g h e s t d e n s i t y (240 kg/m3) an
f i r i n g temperature (600°C) and t i m e (3 hours).
2 1 5 60E-2 F i g . 2c. Dependence on f i r i n g t i m e a t constant f i r i n g temperature (600°C) and MAP c o n c e n t r a t i o n ( 4 w t L).
F i n a l l y i n fig. 2c t h e i n f l u e n c e o f f i r i n g t i m e i s shown. Although t h e 4 8OE-2 d e n s i t y remains approximately cons t a n t , t h e f r a c t u r e toughness and . 2 4 0~-2 GPa. As was shown w i t h X-ray techniques, t h e s i l i c a microspheres devit r i f y d u r i n g t h e longer f i r i n g times. I n s p e c t i o n of t h e f r a c t u r e surfaces o f t h e v a r i o u s composites r e v e a l s t h a t the f r a c t u r e mode i s o f mixed nature. The m a j o r i t y o f t h e bonded spots i n t h e ceramic f r a c t u r e through t h e spheres themselves, b u t a s m a l l p r o p o r t i o n o f them f r a c t u r e a t t h e necks. I n general i t appeared t o be impossible t o l o c a t e t h e f r a c t u r e o r i g i n s i n t h e Sf specimens.
From t h e s t r e n g t h and f r a c t u r e toughness data an estimate o f t h e c r i t i c a l flaw s i z e can be made. The main problem i s now t o estimate t h e compliance f a c t o r Y s i n c e t h e shape o f t h e f r a c t u r e o r i g i n ( c r i t i c a l f l a w ) i s unknown. The usual assumption o f a f l a w w i t h s e m i -c i r c u l a r surface (7) y i e l d s Y = 1.26. Other assumptions l e a d t o values between 1 and 2. C a l c u l a t i o n o f t h e f l a w s i z e w i t h Y = 1.5 gives values o f s e v e r a l hundreds o f micrometers. Since t h e pore diameters were about 10 pm a s i n g l e pore channel cannot be responsible f o r f a i l u r e . Processing d e f e c t s such as a i r bubbles o r inhomogeneous f i l l i n g o f t h e a v a i l a b l e space by t h e microspheres are probably t h e f r a c t u r e o r i g i n s . I f t h i s i s t r u e i t means t h a t t h e s t r e n g t h o f t h e composites can s t i l l be increased f i v e f o l d o r s i x f o l d by i n t r o d u c i n g a b e t t e r processing r o u t e t h a t y i e l d s more homogeneous ceramics. I n one o r two cases t h e f r a c t u r e o r i g i n c o u l d indeed be i d e n t i f i e d as a l a r g e pore.
I n general t h e s t r e n g t h follows t h e f r a c t u r e toughness behaviour q u i t e closel y . There a r e two apparent exceptions. F i r s t l y , i n f i g . 2a a t 700°C t h e value f o r Sf i s much lower than can be expected from K I , . I n t h i s m a t e r i a l on average somewhat l a r g e r pores appeared t o be present. Secondly, i n f i g . 2c a somewhat steeper decrease i n Sf than i n K I , i s shown. The i n c r e a s i n g c r y s t a l l i s a t i o n o f t h e s i l i c a (and t h e MAP) i s probably responsible f o r t h i s .
